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ABSTRACT
The intra-cluster light (ICL) in observations is usually identified through the surface brightness limit method. In
this paper, for the first time we produce the mock images of galaxy groups and clusters using a cosmological hydro-
dynamical simulation, to investigate the ICL fraction and focus on its dependence on observational parameters, e.g.,
the surface brightness limit (SBL), the effects of cosmological redshift dimming, point spread function and CCD pixel
size. Detailed analyses suggest that the width of point spread function has a significant effect on the measured ICL
fraction, while the relatively small pixel size shows almost no influence. It is found that the measured ICL fraction
depends strongly on the SBL. At a fixed SBL and redshift, the measured ICL fraction decreases with increasing halo
mass, while with a much faint SBL, it does not depend on halo mass at low redshifts. In our work, the measured
ICL fraction shows clear dependence on the cosmological redshift dimming effect. It is found that there are more
mass locked in ICL component than light, suggesting that the use of a constant mass-to-light ratio at high surface
brightness levels will lead to an underestimate of ICL mass. Furthermore, it is found that the radial profile of ICL shows
a characteristic radius which is almost independent of halo mass. The current measurement of ICL from observations
has a large dispersion due to different methods, and we emphasize the importance of using the same definition when
observational results are compared with the theoretical predictions.
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1. INTRODUCTION
The concept of intra-cluster light (ICL) or luminous
intergalactic matter was firstly introduced by Zwicky
(1951) during his studies on Coma cluster. Most of ICL
locates in cluster center and surrounds the brightness
centre galaxy or brightest cluster galaxy (BCG). It is
thought to be the light from stars, which fills the inter-
galactic space in dense galaxy environments and bounds
to the cluster potential but not to any individual galaxy.
Observationally, ICL has been found in local universe
such as Coma, Virgo cluster (e.g., Mihos et al. 2017;
Longobardi et al. 2013; Arnaboldi & Gerhard 2010; Gon-
zalez et al. 2007; Mihos et al. 2005), in clusters at in-
termediate redshift (e.g., Giallongo et al. 2014; Melnick
et al. 2012; Toledo et al. 2011) and in some clusters at
high redshift (e.g., Adami et al. 2013; Burke et al. 2012).
Using large samples of clusters from low to intermediate
redshift, such as SDSS (e.g., Zibetti et al. 2005; Budzyn-
ski et al. 2014), 2MASS (e.g., Lin & Mohr 2004) and
CLASH (e.g., Burke et al. 2015), one can also obtain
ICL fraction by the way of stacking galaxies and center
region of galaxy clusters. These observations give oppor-
tunities to explore the physical properties of ICL, such
as age, metallicity, velocity, color and spatial distribu-
tion (e.g., Mihos 2016; Montes & Trujillo 2014; Presotto
et al. 2014; Arnaboldi & Gerhard 2010; Arnaboldi 2004).
The ICL is now widely regarded as an important com-
ponent of galaxy cluster. Its accurate determination
has important implication on the mass of bright cluster
galaxies that may alter the measured shape of stellar
mass function or luminosity function at the massive end
(e.g., Li & White 2009; Bernardi et al. 2013; He et al.
2013; D’Souza et al. 2015). Therefore it can be used
as an important ingredient to constrain the theoretical
model of galaxy formation (e.g., Contini et al. 2017).
However, the studies of how ICL fraction evolves with
halo mass and redshift are far from conclusive because
of different methods used in observations and the diffi-
culty of obtaining data for intermediate or high redshift
clusters.
As it is difficult to analyze the formation and evolu-
tion history of ICL directly from observational results,
more feasible approach is to investigate the problem
by using simulations. Inspired by the early work of
Merritt (1984) who used numerical simulation to firstly
show that ICL was formed by stars stripped from merg-
ing galaxies in cluster, numerous works using N-body
and hydro-dynamical simulations have been devoted to
study the formation and properties of ICL (e.g., Mu-
rante et al. 2004, 2007; Willman et al. 2004; Tutukov
et al. 2007; Sommer-Larsen et al. 2005; Puchwein et al.
2010; Dolag et al. 2010; Rudick et al. 2006a, 2009, 2011;
Barai et al. 2009; Cui et al. 2014a). These theoretical
studies partly confirmed that the major of ICL is formed
by dynamical stripping, and its physical properties vary
from different dark matter haloes. However, the ICL
fraction drawn from numerical simulation is significantly
higher than observations and depends on the dynamical
models (e.g., Puchwein et al. 2010). Meanwhile, lack of
consistent method to measure ICL also hampered the
comparison between simulations and observations.
By using analytical description of how stars are
stripped from member galaxies falling into a cluster,
the ICL can also be estimated from the semi-analytical
models based on the cluster formation history (e.g., De
Lucia et al. 2004; Martel et al. 2012; Contini et al. 2014).
These theoretical studies generally found that ICL frac-
tion is closely related to cluster formation history and
it increases steadily with time, with the present fraction
varying from 10% to 50% in clusters (Murante et al.
2004). Considering the multi-parameters used and lack
of cluster galaxy population, semi-analytical model can
hardly obtain pinpoint statistics of ICL properties.
So far, there are still great discrepancies among results
with different methods. For example, Murante et al.
(2004) found that the massive simulated clusters have a
larger fraction of stars in the diffuse light than low-mass
ones, while no dependence on halo mass in reported by
Puchwein et al. (2010). The difference between these
two studies is whether to include AGN feedback in the
simulations.
Indeed, as one can see that the ICL is the remain-
ing component except for cluster member galaxies, the
main problem and difficulty turn out to be the method
to define galaxies within a dark matter halo, especially
the brightest central galaxy. For example, in some stud-
ies galaxies were defined as distinct stellar groups using
the friends-of-friends (FoF) algorithm with an arbitrary
linking length. Hence the linking length largely decides
galaxy size and the remaining ICL. Improvements have
been made to include only gravitational bound stellar
particles to galaxies (e.g., Puchwein et al. 2010; Dolag
et al. 2010). This dynamical method looks more phys-
ical, however, it is not directly applicable to compare
with observational results.
Contrary to the relatively straightforward dynamical
method mentioned above (see also Cui et al. 2014a),
observational estimate of ICL fraction is much more dif-
ficult and there is no consensus on finding a robust way
to identify ICL (e.g., Zibetti et al. 2005; Feldmeier et
al. 2004a). In the literatures, there are three primary
definitions of ICL.
ICPNS METHOD: Intra-cluster planetary nebulas (IC
PNs), intra-cluster red giant branches (IC RGBs) and
Investigation of intra-cluster light fraction 3
globular clusters (GCs) can be used as tracers of ICL in
observations (e.g., Longobardi et al. 2013; Ventimiglia et
al. 2011; Peng et al. 2011; Castro-Rodrigue´z et al. 2009;
Mihos et al. 2009; Sand et al. 2008; Williams et al. 2007).
This method can provide more accurate measurement of
ICL. However, it requires deep observations and is often
applied to close targets, such as the Virgo and Coma
cluster in local universe.
SB PROFILE OR 0.25RV IR METHOD: These methods
distinguish ICL from cluster galaxies by the difference
of their intrinsic properties, such as the kinematic prop-
erty (e.g., Cui et al. 2014a; Rudick et al. 2011), the sur-
face brightness (SB) profile (e.g., Giallongo et al. 2014;
Melnick et al. 2012; Jee 2010), spatial distribution (e.g.,
DeMaio et al. 2015; Krick & Bernstein 2007), or mass
distribution (e.g., Rudick et al. 2009) in observation and
simulation. These methods are normally used for clus-
ters at low and median redshifts in observation.
SB LIMIT METHOD: This method directly defines the
light from stars as diffuse light which is fainter than
a characteristic surface brightness limit (SBL) in the
observed images (e.g., Presotto et al. 2014; Puchwein et
al. 2010). This method can be applied to objects at any
redshift. It is a simple and straightforward method to
estimate ICL fraction if deep optical images could be
obtained from observational facilities.
These above definitions of ICL are quite different and
they are often applied to targets at different redshifts
with different observational depth. Therefore, it is not
surprising that large discrepancies on the ICL fraction
have been found and controversial conclusions have then
been made. In some cases, ICL is also called as diffuse
(unbound) stellar component (DSC). It is noted that the
definition of DSC is a more physical one, while the ICL
is not necessary only from the unbound stars, depending
strongly on the methods used to define ICL.
Combined with the case that observational works and
theoretical studies often use different definitions of ICL,
the comparison between data and model predictions is
complicated and not reliable. To fully understand the
formation and abundance of ICL, we need consistent
comparisons between observations and theoretical mod-
els, which can be achieved only through mock observa-
tion, i.e., applying observational definitions of ICL to
simulated galaxy clusters. Cui et al. (2014a) used sim-
ulated galaxy clusters to compare the fraction of ICL
between two different definitions, one is following a phys-
ical definition of ICL which seperates the ICL from the
BCG through fittings of double velocity dispersion dis-
tributions of their star particles, and the other is mim-
icking observational processing which defines ICL by the
SB limit method. They found that the two methods pro-
duce ICL fraction with a factor of 2-4 depending on the
gas physics implemented in the simulation.
In this work we utilize a cosmological hydro-dynamical
simulation to identify ICL in the halos of galaxy groups
and clusters. Similar to Cui et al. (2014a), the SB
limit method is applied to define ICL and the mock
‘galaxy’ images are produced, where ‘galaxy’ refers to
simulated galaxy. To mimic observation more realisti-
cally, we make an improvement to additionally consider
the CCD pixelation, the smoothing effect by point spread
function (PSF ) , as well as the cosmological redshift
dimming effect. Basically, our main goal is to investi-
gate the various selections and systematic effects used
in the SB limit method when measuring ICL, rather
than comparison with current observations (which will
still be discussed) or other theoretical predictions. This
work can serve as understanding the measured ICL frac-
tion and its dependence on observational selection ef-
fects, and the predicted trends can also be tested using
future observations.
This paper is organized as follows. In Section 2 we
introduce the simulation data and the methods to pro-
duce mock ‘galaxy’ images are given in Section 3. We
present the main results in Section 4 and the comparison
between ICL from different observations is given in Sec-
tion 5. Finally the conclusion and discussion are given
in Section 6.
2. SIMULATION
In this work, we utilize a cosmological simulation
run with the massive parallel N-body code GADGET-
2 (Springel 2005). The simulation is evolved from red-
shift z = 120 to the present epoch in a cubic box of
100h−1Mpc with 5123 particles for both dark matter and
gas particles respectively. We use a flat ΛCDM “con-
cordance” cosmology with Ωm = 0.268, ΩΛ = 0.732,
σ8 = 0.85, and h = 0.71. A Plummer softening
length of 4.5kpc is adopted in the simulation. In our
simulation each dark matter particle has a mass of
4.62×108h−1M, and the initial mass of gas particles is
9.20×107h−1M which can be turned into two star par-
ticles later on. The simulation includes the processes of
radiative heating and cooling, star formation, supernova
feedback, outflows by galactic winds, and metal enrich-
ment, as well as a sub-resolution multiphase model for
the interstellar medium. This model is implemented us-
ing smoothed particle hydrodynamics, and enables us
to achieve a wide dynamic range in simulations of struc-
ture formation. The star formation time-scale in the
quiescent model for star formation is directly determined
4 Tang et al.
form observations of local disc galaxies. Interested read-
ers are referred to Springel & Hernquist (2003) for more
details about the treatment of gas physics. The simula-
tion has been used in several studies (Jing et al. 2006;
Lin et al. 2006; Jiang et al. 2008).
From the simulation dark matter halos are firstly ob-
tained through the standard FoF algorithm with a link-
ing length of 0.2 times the mean particle separation.
Only halos with a minimum particle number of 60 will
be selected for later analysis. The virial radius R200
1
and virial mass M200 of FoF halo are calculated accord-
ing to Lin et al. (2006). In this paper, only halos with
M200 ≥ 1012.5 h−1M are included to make sure that
they contain enough star particles.
3. METHODS
To generate the surface brightness maps of simulated
galaxies, we follow a similar procedure as in Cui et al.
(2011, 2014a). Each star particle of the FoF group is
treated as a Simple Stellar Population (SSP) with age,
metallicity and mass given by the corresponding parti-
cle’s properties in the simulation. The Bruzual & Char-
lot (2003) model is used to calculate the spectral energy
distribution of the model galaxy and a Chabrier IMF
(Chabrier 2003) is assumed. Spectral templates from
6 metallicities (0.0001, 0.0004, 0.004, 0.008, 0.02, 0.05)
with 69 ages (between 105 yr and 1010 yr) are used. The
simulated star formation time t and metallicity logZ of
the star particle are linearly interpolated in the tables
to produce the magnitudes at different filters. In this
paper the results are presented in the B, V , SDSS g,
SDSS r filters which are quoted at rest-frame in the AB
magnitude system.
To generate the two dimensional (2D) surface bright-
ness maps, we firstly apply 2D grids for every group out
to its virial radius, where each grid is corresponding to
a CCD pixel. Then, at a given redshift z, the grid size
D and the angular-diameter distance dA is related as,
dA =
D
α
=
a0r
1 + z
, (1)
and luminosity distance dL is given by,
dL = a0r(1 + z), (2)
where α, a0, r are CCD pixel scale, scale factor at the
present time and proper distance, respectively. If not
particularly noted, pixel scale α is set to 0.396
′′
, a typical
value for SDSS CCDs. Using the Friedmann Equation,
1 200 is respecting to the cosmic critical density at a given
redshift, ρc(z) = 3H2(z)/(8piG).
a0r is given by,
a0r =
c
H0
∫ z
0
dz
[ΩΛ,0 + Ωm,0(1 + z)3]1/2
. (3)
For the adopted cosmological parameters, it is found
that the angular-diameter distance dA and grid size D
have a peak at around z ∼ 1.6 and then decreases at
higher z, leading to the well-known observational effect
of increasing surface brightness of the objects.
With the estimated grid size D, the star particles in-
side the group virial radius are binned into a 2D mesh
on x-y plane with weights of both either luminosities or
stellar masses. The surface brightness for each pixel is
given by,
µx = −2.5 log Ix
L,x · pc−2 + 21.572 +M,x, (4)
where Ix is,
Ix =
Lx
pi2D2
(1 + z)−4. (5)
Here x indicates different filter bands at rest-frame (cf.
Mo et al. 2010), and M,x is the absolute solar mag-
nitude, which are 5.36, 4.80, 5.12, 4.64 mag arcsec−2
(Blanton & Roweis 2007) for B, V , SDSS g, SDSS r
bands in AB system, respectively. In the above equa-
tion, the surface brightness is dimmed by a factor of
(1 + z)−4 and it is verified that such a dimming is real
in an expanding universe(e.g., Sandage & Lubin 2001) .
In Section 4.2, we will discuss the results of ICL fraction
without this dimming effect.
To mimic the observed image of ‘galaxies’, we need to
model the effect of point spread function (PSF ). The
original image is then convolved with a 2D PSF kernel
for a typical image survey instrument, for example, the
Sloan instrument, which are represented by a 51 × 51
matrix. For groups with a grid numbers less than 51×51,
we fill with empty grids to meet this grid number. With
a given width ω, the PSF kernel is given by 2D Gaussian
distribution,
f(x, y) =
1
2piσ2
e
[
− (x−µ)2+(y−µ)2
2σ2
]
, (6)
where σ = ω/α and µ = 25. For the results at different
bands, both grid luminosity and mass are smoothed by
applying this process.
In Figure 1, we illustrate the rest-frame surface bright-
ness maps in each band with (right panels) and with-
out (left panels) the PSF smoothing. This halo is the
most massive one from our simulation at z = 1.108.
An angular pixel size of α = 0.396
′′
and a PSF width
of ω = 1.43
′′
are adopted as fiducial parameters for a
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Figure 1. Surface brightness maps for a galaxy cluster at z = 1.108 without PSF smoothing (left panels) and with PSF
smoothing (right panels). Each panel shows the surface brightness at four different observational bands, B, V , SDSS g, and
SDSS r at rest-frame, from left to right and from top to bottom respectively. The pixel size is 0.396
′′
(D ≈ 2.32 h−1kpc), PSF
width ω is 1.43
′′
. Note that we apply the same color gradients for both maps.
reference. Note that there is no particular reason to
choose these parameters and they are just taken from
the SDSS DR7 data. Here only pixels surface bright-
ness brighter than 30 mag arcsec−2 are shown in the
figure. The two maps share the same color gradients
as indicated by the colorbars. It is clear that the PSF
convolution produces a much smoother map and lots of
discreet stellar light shown in the left panel disappear
in the right panel (fainter than 30 mag arcsec−2). This
indicates that PSF smoothing has a significant impact
on the ICL calculation when applying a realistic surface
brightness limit.
After applying the above procedures, each grid of the
mock image has a surface brightness. The ICL frac-
tion is then defined as the ratio of the total luminosity
of all grids with surface brightness fainter than a given
limit at x band, µx,limit, to the total luminosity in the
galaxy group within the virial radius. It is also inter-
esting to define another quantify as intra-cluster mass
(ICM) fraction, which is the ratio of all stellar mass in
grids with surface brightness fainter than the limit to
the total stellar mass in the group. If a constant stellar
mass-to-light ratio is assumed, the two definitions will
be equal. However, this assumption is not often valid
and it is worth to check its influence on the estimation
of ICL fraction. We will later see that the ICL fraction
in term of light is lower than the stellar mass of the ICL
component.
As galaxy luminosities vary with observational bands
and the measured ICL fraction is usually made at a
given band with a given magnitude limit, to compare
the measured ICL fraction at different bands, it is im-
portant to know how to convert the SBL at different
filters. As each galaxy has different star formation his-
tory and metallicity, the color is different for different
galaxies. To illustrate this effect, we use a simple SSP
evolution model with metallicity Z = 0.02Z and a fixed
stellar formation time at z = 5 to give the residual of
surface brightness limit (relative to the V band magni-
tude limit), as a function of the effective wavelength of
10 different bands at different redshifts.
Figure 2 shows the dependence of brightness on obser-
vational bands and redshifts, where the y − axis repre-
sents the residual magnitude relative to the V band mag-
nitude. Different colors denote different redshifts. It is
found that the residual is a function of wave length and
redshift. After applying the conversion between different
bands, the ICL fraction measured at different bands are
expected to converge, as we will see below for most re-
sults. However, as the stellar population in each ‘galaxy’
is not as simple as the model used here, we will see some
difference which is expected. Note that the trend shown
in Figure 2 is similar to that of Table 2 in Blanton &
Roweis (2007).
4. RESULTS
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Figure 2. Given a simple SSP model, we obtain the magni-
tude (equivalent with surface brightness limit) for following
ten bands at rest-frame, u,B, g, V, r, R, i, I, z, and K bands
from left to right, respectively. The abscissa gives the effec-
tive wavelength at each band, while the ordinate represents
the equivalent surface brightness limit at these bands, nor-
malized to the magnitude of V band. Different redshifts are
denoted by different colors.
4.1. The impacts of pixel size and PSF width on ICL
fraction
The impacts of angular pixel size α and PSF width
ω on the measured ICL fraction can be easily investi-
gated using the mock images. In Figure 3 we show the
measured ICL fraction as a function of halo mass for
four different α (left panels) and four different ω (right
panels) at a few redshifts. The results for different pixel
sizes and PSF widths are shown by the curves in differ-
ent colors as indicated in the top left panels. Note that
here we do not apply the cosmological redshift dimming
effect (with neglect of the (1+z)−4 factor in Equation 5)
and only the results at V band with a fiducial SBL of
µV,limit = 26.5 mag arcsec
−2 are shown. We have tested
that the effects of α and ω has a very weak dependence
on the adopted bands and the choice of SBL.
It is seen from the left panels of Figure 3 that the mea-
sured ICL fraction over all halo mass range and redshift
shows almost no difference with the four adopted pixel
sizes α = 0.396
′′ ∼ 0.4′′ , 1.0′′ , 1.5′′ , 2.0′′ . While in the
right panel, larger PSF width ω tends to give a higher
ICL fraction, and this effect is independent of both halo
mass and redshift. It is also seen that the difference
becomes smaller with bigger ω.
Figure 3 shows that the influence of ω is much more
obvious than that of α. As surface brightness is in unit
of area, it is not surprising that pixel size has less influ-
ence on the ICL fraction for the highly clustered region
because more particles will be assigned to the grid when
the pixel size becomes larger, and eventually keep the
surface brightness unchanged. On the other hand, ω
controls the width of the convolution kernel, i.e., the
smoothing level of the image. Larger ω will produce
smoother image, resulting in more pixels with lower sur-
face brightness 2. This smoothing effect is more signifi-
cant for diffuse or under-dense regions, such as low mass
halos and the halos at high redshifts.
4.2. The impact of surface brightness limits on ICL
fraction
Surface brightness limit is the simplest and widely
used method for identifying ICL fraction. It is important
to investigate its capability and limitations. Since the ef-
fects of pixel size and PSF width have been known from
Figure 3, we fix α = 0.396
′′
and ω = 1.43
′′
in the fol-
lowing analysis and the cosmological redshift dimming
is also included in this section.
Apparently, the magnitude limit and observational
band are the main factors in the SBL method. In
a few studies on observations and semi-analytical
models, a faint surface brightness limit µV,limit =
26.5 mag arcsec−2 is used to separate ICL from the
galaxies (e.g., Vilchez-Gomez et al. 1994; Zibetti 2008;
Rudick et al. 2006a, 2011; Feldmeier et al. 2004a). Cui
et al. (2014a) used a slight brighter magnitude limit with
µV,limit = 23.0, 24.7 mag arcsec
−2 to make comparison
between a dynamical method and surface brightness
limit method. However, it is not clear how the results
will be affected by these adopted values. As a references
to these studies, in this paper we adopt three SBLs with
µV,limit = 23.0, 24.7, 26.5 mag arcsec
−2 at rest-frame to
distinguish BCG and ICL component. For identifying
ICL at other bands, we use the conversion factor given
in Figure 2. Again we note that the conversion factor is
from a very simple SSP model and it is not surprising
that the measured ICL fractions at different bands will
have slight difference.
Figure 4 shows the results of the measured ICL frac-
tion as a function of halo mass at different redshifts.
This figure contains two distinct features. Firstly, by
comparing different columns, it is not surprising to find
that ICL fraction increases with brighter SBL. This in-
crease is weakly dependent on both halo mass and red-
shift, and it is very similar at all bands. This increase
of ICL fraction is simply caused by the fact that when a
brighter limit is applied, more stellar particles will be as-
signed to ICL. Secondly, groups at higher redshifts tend
2 Note that the angular pixel size of a modern CCD is much
smaller than the PSF width.
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Figure 3. The measured ICL fraction for different angular pixel size α (left panels) and PSF width ω (right panels) at V
band without taking into account the cosmological redshift dimming effect, namely omitting the redshift term in Equation 5.
The same SBL µV,limit = 26.5 mag arcsec
−2 is applied for all the results. For the results in the left or right panels, the same
ω = 1.43
′′ ∼ 1.4′′ or α = 0.396′′ ∼ 0.4′′ is adopted, respectively.
to have a higher ICL fraction for a given SBL. This result
is mainly caused by the cosmological redshift dimming
(Equation 4) and partly by the ‘galaxy’ evolution itself,
as high-redshift ‘galaxy’ is still forming with less stars
(and thus fainter) compared to its counterpart at lower
redshifts. Therefore, it is not surprising to find that the
measured ICL fraction reaches 100 percentages at high
redshift with a brighter (not realistic) SBL.
With faint SBLs, e.g., µV,limit = 26.5 mag arcsec
−2,
it is interesting to find that the ICL fraction does not
depend on halo mass at low redshifts. This can be ex-
plained as following. The stellar distribution of all halos
at low redshift is similar and most of the stellar particles
in very faint (outer) region of halos have been counted
as ICL component (see Figure 7). More importantly,
the observational influence, i.e., the cosmological red-
shift dimming and PSF effect, can be ignored because
of the high stellar density within halos at low redshift, as
can be demonstrated later in Figure 6. These facts cause
the similar ICL fraction for all halos at low redshift with
faint SBL.
Figure 4 shows a major limitation of the SBL method
to identify ICL that a very faint magnitude limit is
needed otherwise all stars could be identify as ICL. It
is also seen from the figure that a magnitude limit at V
band fainter than 26.5 is needed to identify the ICL for
group at z = 1.
By using the simple SBL conversion in Figure 2, we
expect to obtain approximately similar ICL fraction at
other bands. However, the results for r band seem to
have a higher fraction than others. This indicates that
the r band magnitude limit is brighter than that ob-
tained from the conversion. One possible reason is that
the simulated galaxies have a more extend star forma-
tion history and lower metallicity, thus the V − r color
is bluer than that obtained from a simple SSP model
with star formation epoch at z = 5 with metallicity of
Z = 0.02Z.
In Figure 5, we show the ratio between the mass frac-
tion locked in the ICL component to the light fraction
in the ICL component. It is found that ICL fraction
estimated from luminosity is systematically lower than
that estimated from the stellar mass. The difference is
slightly bigger for fainter SBL and shows an obviously
dependence on the redshift and halo mass. These dif-
ferences indicate that there is more stellar mass locked
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Figure 4. The measured ICL fractions as a function of halo mass M200. Different columns use different SBLs as indicated
on title of the top row. Note that these showed SBLs are at V -band, and SBLs for other bands have been converted in order
to make fair comparison. Each row shows the results at different observational bands, B, V , SDSS g and SDSS r from top to
bottom respectively. The surface brightness is calculated with (1+z)−4 in term of Ix. Here, the same α = 0.396
′′
and ω = 1.43
′′
are adopted. As indicated by the legend in the bottom left panel, different line colors represent different redshifts. The error
bars are calculated by σ =
√∑ (xi−x¯)2
n
.
in ICL component due to the higher mass-to-light ra-
tio of ICL than that of the main ‘galaxy’ within the
halo. The higher mass-to-light ratio of ICL indicates
that color of stars in ICL component is redder than the
main ‘galaxy’. We have checked the luminosity-weighted
metallicities and ages of star particles assigned to the
‘galaxies’ and ICL component, and found that the ICL
stars have higher metallicity and older age than ‘galax-
ies’. In this paper we do not investigate in detail which
factor contributes mostly to the higher mass-to-light ra-
tio of ICL component, and such analysis would be useful
in future work for comparison with observations.
In order to separate the intrinsic ’galaxy’ evolution
from the observational cosmological redshift dimming
effects on ICL fraction, we further compare the mea-
sured ICL fraction evolution as a function of redshift in
Figure 6. In the left panel, we only use the ‘galaxies’
from z ∼ 0 snapshot and shift them to different red-
shifts to produce mock images. In the middle panel,
we use ‘galaxies’ produced in the simulation at different
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Figure 5. Same as Figure 4, but for the mass-to-light ratio of ICL component.
redshifts. In these two panels we do not apply the cos-
mological redshift dimming effect (omitting the (1+z)−4
term in Equation 4). The right panel shows the results
using the ‘galaxies’ produced in the simulation at dif-
ferent redshifts and with cosmological redshift dimming
included. Different rows show the results in different
halo mass bins, and the lines in different colors indicate
different SBLs at V band. Here results for more redshift
outputs are plotted than those in Figure 3 and Figure 4
to obtain smoother curves.
This figure shows some interesting results. Firstly, the
left panel represents the pure effects of PSF and cos-
mological geometry on ICL fraction. It is seen that the
ICL fraction is almost flat across all redshifts, except
for the results with the highest SBL. By simply putting
z = 0 ‘galaxies’ to higher redshifts, regardless of cos-
mological redshift dimming, only the pixel size and the
PSF can have effects on the ICL fraction. Since the
pixel size has no significant effect (see Section 4.1 for
details), the redshift evolution of ICL fraction showing
in the left panel of Figure 6 should only lie in the PSF
effect, which is much more significant for fainter regions.
Therefore, we are expecting a slightly larger increase of
ICL fraction for the halos with smaller mass, and more
obvious evolution of ICL fraction with brighter SBL.
Furthermore, given a faint SBL, i.e., µV,limit =
26.5 mag arcsec−2, there is a flat redshift evolution,
as can be seen from both the left and the middle panel.
The redshift evolution is also flat for all halos over the
redshift range of 0 and 0.2, even taking into account the
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Figure 6. The V -band measured ICL fraction as a function of redshift at different mass bins. The left panel shows the ICL
fraction by putting z = 0 ‘galaxies’ to high redshifts. The middle panel is the result from the simulated galaxies at corresponding
redshifts. The cosmological redshift dimming is not taken into account for the results in these two panels. The right panel is
similar to the middle panel, but taking into account the cosmological redshift dimming. The same pixel size and PSF width
are adopted as in Figure 4. The lines in different colors represent results for different SBLs.
cosmological redshift dimming effect, as shown in the
right panel.
In the left panel of Figure 6, the curves slightly bend
down at high redshift. This is from the cosmological ge-
ometry effect. It has been given that, D = α ∗ a0r1+z =
cα
H0(1+z)
∫ z
0
dz
(ΩΛ,0+Ωm,0(1+z)3)1/2
. At a fixed CCD pixel
size, D increases with redshift until z ∼ 1.6, and then de-
crease. PSF can make the target smoother and fainter
when D is larger. Therefore, if cosmological redshift
dimming is not taken into account, the target moving
to high redshift beyond z ∼ 1.6 will become fainter and
then brighter, because its image will become smoother
and then turn sharper. In such a case, from the peak
redshift to high redshift, ICL fraction will decrease. The
curves also have dependence on the SBLs and halo mass,
as their peaks become more prominent with a higher
SBL or for less massive halos. One can speculate that
the PSF has different effect at inner and outer region of
BCG, in good agreement with the PSF influence, which
has more significant effect on fainter components.
Secondly, as shown in the middle panel, the measured
ICL fraction is higher for less massive halos and demon-
strates a strong redshift evolution. Comparing to the
left panel, ICL fraction shows a deeper drop at higher
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Figure 7. The measured ICL profile at different red-
shifts (different panels) and different halo mass bins (dif-
ferent colors). Here α = 0.396
′′
, ω = 1.43
′′
, µV,limit =
26.5 mag arcsec−2 are adopted and there is no cosmologi-
cal redshift dimming effect. The y-axis represents the value
of ICL luminosity divided by total luminosity at the radius
bin R ∼ R+ dR.
redshifts, especially for less massive halos. This could
reflect the facts that ‘galaxies’ at higher redshift are less
massive and more compact than those directly shifted
from z ∼ 0 snapshot, while the diffuse stellar compo-
nents are consecutively produced. Those curves show a
peak at z ∼ 1, later than those in the left panel. These
two facts regulate the redshift evolution of ICL fraction.
Finally, with the cosmological redshift dimming, for
all halos within mass bins, there is a significant redshift
evolution of ICL fraction that increases sharply with red-
shift. With the brightest SBL adopted here, the mea-
sured ICL fraction will quickly reach 100 percentages at
redshifts beyond z > 0.6 and z > 1 for less massive halos
and massive halos respectively, as can be seen from the
right panels.
4.3. The evolution of ICL profile
Another interesting problem is the radial distribu-
tion of ICL component around BCG. If the ICL is the
byproduct of galaxy formation, its spatial distribution
will be expected to give information of the cluster for-
mation at current stage. We calculate the abundance of
ICL fraction at each radius bin normalized by the halo
virial radius Rvir. Figure 7 shows the radial profile of
ICL fraction at a few redshifts. The profiles seem to be
independent of halo mass, but slightly extend with in-
creasing redshift. It is interesting to see that almost
all the star particles distributed outside of a certain
distance are counted as ICL component. As most of
the ICL stars are assumed to be formed through galaxy
merger or stripping, this characteristic radius can indi-
cate an important range of galaxy merger events.
This normalized characteristic radius, where the mea-
sured ICL fraction reaches 100 percentages, slightly in-
creases from ∼ 0.04Rvir at low redshift to ∼ 0.1Rvir
at high redshift. This change could be caused by the
increasing of the halo virial radius towards z ∼ 0 but
with a fixed physical radius where ICL fraction ∼ 1,
or the physical characteristic radius decreases with red-
shift. Using several randomly selected halos to check
both the evolution of halo virial radius and the physi-
cal characteristic radius of ICL, we find that the main
evolution is the decrease of the physical radius of ICL.
5. OBSERVATIONAL AND THEORETICAL
CONSTRAINTS ON THE ICL FRACTION
In Table 1, we compile data from both observations
and theoretical predictions. The observational data
can be roughly separated into four categories using the
methods described in Section 1. The individual clusters
are categorized as single cluster in our comparison. Ta-
ble 1 provides only the mean parameters for the CLASH
and Nearby Cluster populations, while the accurate ICL
fraction of each cluster is plotted in Figure 8. For vari-
ous theoretical results, the physical models applied and
the methods to identify ICL are quite diverse. There-
fore, as we have mentioned, it is not capable to make a
fair comparison if the definition of ICL is obviously not
similar to that of observation. This is the reason why
we compile only the observational results and our pre-
dictions in Figure 8 that illustrates the ICL fraction as
a function of halo virial mass and its redshift evolution.
In Figure 8, the single clusters are represented by solid
stars, which can be separated into three sets according
to their ICL identifications. The first set includes three
data points (red solid stars) (Longobardi et al. 2015;
Feldmeier et al. 2004b,c) defined by ICPNs (or GCs)
method because they are very low redshift local targets.
The second set includes the results for other five clusters
(green solid stars) (e.g., Montes & Trujillo 2014; Pre-
sotto et al. 2014) obtained using the SBL method. Note
that their SBLs are different with each other, and the
higher ICL fraction is caused by the brighter SBL, ex-
cept that A2390 has a brighter SBL in B band (Vilchez-
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Figure 8. Comparison between the observed ICL fractions as a function of halo mass (left panel) and redshift (right panel).
The denotation of symbols is as following. The five-pointed stars, circles, squares, and triangles represent the data from single
clusters1∼15, CLASH16, SDSS17,18, and nearby clusters19∼21, respectively. In the right panel, we only plot the observational
results defined by the surface brightness limit method, as the same method adopted in our mock observations. And, the gray
shaded region is our result at 12.5 < logM200( h
−1M) < 15. The value of SBL used is ∼ 24.0 mag arcsec−2 in V band, which
is similar with µB = 25.0 mag arcsec
−2 in Burke et al. (2015), applying the conversion relation shown in Figure 2. We correct
the SBL with 2.5 log(1 + z)4 for our simulated data to make a fair comparison with the data of Burke et al. (2015) in the right
panel. Width of PSF and pixel size are those used in CLASH data, 0.75
′′
and 0.05
′′
respectively.
1: Longobardi et al. (2015), 2: Montes & Trujillo (2014), 3: Presotto et al. (2014), 4: Jee (2010), 5: Vilchez-Gomez et al.
(1994), 6: Uson et al. (1991), 7: Bernstein et al. (1995), 8: Tyson & Fischer (1995), 9: Feldmeier et al. (2004b), 10: Feldmeier
et al. (2002), 11: Gonzalez et al. (2005), 12: Tyson et al. (1998), 13: Scheick & Kuhn (1994), 14: Feldmeier et al. (2004c), 15:
Feldmeier et al. (2004a), 16: Burke et al. (2015), 17: Budzynski et al. (2014),18: Zibetti (2008), 19: Gonzalez et al. (2007), 20:
Gonzalez et al. (2005), 21: Krick & Bernstein (2007).
Gomez et al. 1994), but shows a lower ICL fraction. The
discrepancy is caused by the brighter optical detection
depth in Vilchez-Gomez et al. (1994). Generally, the
surface brightness of ICL component is so faint that a
optical depth should be reached to detect such compo-
nents. And the last set includes the remaining single
clusters (blue solid stars) (e.g., Uson et al. 1991; Scheick
& Kuhn 1994) obtained by the SB profile method. After
checking their SB profiles, it is found that the brightness
profiles excess the r1/4 law cause the high observed ICL
fractions. In Gonzalez et al. (2000) the ICL fraction of
A1651 is found to be <∼ 2% . With more accurate cal-
culation, its ICL fraction becomes ∼ 13% (see Table 4
in Gonzalez et al. (2005) and Table 1 in Gonzalez et al.
(2007)).
The SDSS clusters can be separated into two types
by their ICL definitions. ICL for a fraction of clus-
ters (blue square) is defined by a modified SB profile
method, and the mean fraction is 0.31. The others
(green square) are obtained by the SBL method with
a value of 25.0 mag arcsec−2 in r band, and the mean
fraction is ∼ 15%. Note that the pixel size 0.396′′ and
PSF value 1.43
′′
applied in our calculation are adopted
from SDSS.
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Burke et al. (2015) uses the SBL method to define
ICL for all the CLASH clusters (green solid circles) with
µlimit = 25 mag arcsec
−2 in the rest-frame B band,
where the image pixel size and PSF width are 0.05
′′
and 0.07
′′ ∼ 0.15′′ (e.g., Zitrin et al. 2011; Postman et
al. 2012; Merten et al. 2015), respectively, much smaller
than those of SDSS. As discussed in Section 4.1 for
the PSF smoothing effect, the smaller PSF width for
CLASH data may partly account for the lower ICL frac-
tion than SDSS results, apart from the dependence on
halo mass. In addition, the SBLs vary for different clus-
ters, and thus the calculated ICL fraction shows a big
scatter over a narrow halo mass range.
For the nearby clusters, two methods are used to de-
fine ICL. For the first one, ICL (blue triangle) is esti-
mated through a modified SB profile method (Gonza-
lez et al. 2005, 2007), with α = 0.7, ω = 1.4 , over
a redshift range of 0.03 < z < 0.13. While for the
other one, ICL (yellow triangle) is defined as the flux
at the region outside of 0.25Rvirial (Krick & Bernstein
2007), with α = 0.345, ω ∼ 1.0, over a redshift range of
0.05 < z < 0.3. It is seen that the former obtained a
much higher ICL fraction and a bigger scatter. We have
checked their surface brightness profiles, and found that
Gonzalez et al. (2005, 2007) split the BCG from ICL at
smaller radius than that in Krick & Bernstein (2007), so
the SBL in Gonzalez et al. is actually higher than the
latter, leading to a higher ICL fraction.
In Longobardi et al. (2015), their ICL is defined by
the ICPNs method (red symbol), and according to their
definition, the ICL fraction is obtained as intra-cluster
PNs (ICPNs) divided by the total PNs (IC PNs + BCG
PNs), namely the ratio of ICL/(BCG+ICL) in luminos-
ity. Therefore, their derived ICL fraction is different
from others as they did not consider the contribution
from other galaxies than the central BCG. Thus the ICL
fraction serves as only an upper limit. Note that the sig-
nificant scatter in Longobardi et al. (2015) is caused by
the small number statistics of ICPNs data.
It is also found that the observed ICL fraction ob-
tained by the SB profile method (blue symbol) varies
within a large range. The SB profile method normally
implies a bright SBL value for halos with low and in-
termediate mass, and thus causes a larger ICL fraction.
Actually, the ICL fraction calculated by this method is
more close to ICL/(ICL+BCG). The observational data
defined by the SBL method (green symbol) locate in a
smaller region than the SB profile data.
For the data defined by the 0.25Rvir method (yellow
symbol), according to what we have discussed in Sec-
tion 4.3, the characteristic radius evolves with redshift.
Thus the constant radii for halos at different redshifts
should no longer be valid to accurately define ICL, so as
to cause an increasing observed ICL fraction with mass.
The ICL fraction of all the data in the left of Figure 8
apparently shows an obviously dependence on the halo
mass, which differ from ours results.
In the right panel of Figure 8 we show the redshift
evolution of the ICL fraction for a few observational re-
sults and our simulation predictions (shown in the gray
shaded region), where the ICL is defined by the SBL
method. Note that both observational and theoretical
results have included a surface brightness limits which
evolves with redshift as 2.5 log(1+z)4 (Burke et al. 2015)
and other similar observational parameters to make a
fair comparison. For the CLASH results, the ICL frac-
tions drop from 0.23 to 0.02 with redshift changing from
0.18 to 0.4. We found that the decrease of ICL fraction
with redshift is mainly driven by the evolution of sur-
face brightness limit. The general trend in observations
agrees with our predictions although the observational
dependence on redshift is slightly stronger.
6. DISCUSSION AND SUMMARY
In this paper, we make mock observational images of
galaxy groups and clusters from a cosmological hydro-
dynamical simulation and investigate the measured ICL
fraction identified by the SBL method. These mock im-
ages are smoothed by a gaussian kernel with PSF width
ω over all image pixels with size α. Results at four differ-
ent filter bands B, V , SDSS g and SDSS r are presented
in this paper. The main results can be summarized as
follows.
1. PSF width ω has a clear effect on the measured
ICL fraction, while pixel size α has little effect.
Larger ω leads to a strong smoothing that leads
to a higher ICL fraction. The cosmological red-
shift dimming and observational detection depth
(or SBL) have significant impacts on the measure-
ment of ICL component.
2. As shown in Figure 4, the measured ICL frac-
tion strongly changes with the surface magnitude
limit so that ICL fraction decreases with fainter
SBL, ranging between 0.2 and 0.4 for massive
halos at low redshift. The measured ICL frac-
tion also depends mildly on halo mass. With a
certain SBL and a fixed redshift, the measured
ICL fraction decreases with increasing halo mass
and becomes almost independence on halo mass
beyond M200 & 1013 h−1M, especially at low
redshift. In particular, with a faint SBL, i.e.,
µV,limit = 26.5 mag arcsec
−2, the measured ICL
fraction does not depend on halo mass at low red-
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shifts. There is almost no difference among B, V ,
SDSS g band, while the results for SDSS r may be
largely affected by the conversion factor derived
from a simple SSP model.
3. Using this SBL method, the measured ICL frac-
tion clearly shows apparent redshift evolution. It
dramatically increases with redshift, due to the ef-
ficient cosmological redshift dimming effect, as can
be seen from Figure 4 and the right panel of Fig-
ure 6. Removing the effect of cosmological redshift
dimming, as shown in the middle panel of Figure 6,
the measured ICL fraction increases with redshift,
reaches a peak around z ∼ 1 and then decreases.
4. Figure 5 shows that mass and luminosity fraction
of intra-cluster stellar component are different and
there is more mass locked in the ICL component
than the light. This is due to the larger mass-
to-light ratio in ICL component than the main
‘galaxy’. Our results indicate that the use of a con-
stant mass-to-light ratio at high surface brightness
levels will lead to an underestimate of the mass in
ICL.
5. Figure 8 shows that current measurement of ICL
from observations has a large dispersion due to
different ICL definitions and observational envi-
ronment. The general trend of ICL redshift evolu-
tion in observational results of Burke et al. (2015)
agrees with our theoretical predictions, using same
ICL definition and similar surface brightness limit,
PSF and pixel size. Given the above, we em-
phasize the importance of using the same method
and observational parameters (e.g., surface mag-
nitude limit, PSF and pixel size) when observa-
tional results are compared with the theoretical
predictions.
Although the used hydro-dynamical simulation in this
work is not perfect, and may have influence on the re-
sults, we claim that our qualitative conclusions are solid,
especially the effects of SBL, PSF and cosmological red-
shift dimming. The results for low mass halos and halos
at high redshift are not reliable due to the lower mass
resolution of the simulation. In order to fully understand
the physics of ICL component, more high-resolution sim-
ulations with proper baryonic physics included are re-
quired. For example, including AGN feedback in simu-
lations will give a large change on ICL fraction (Cui et
al. 2014a).
The SBL method may also help to improve the studies
of galaxies. In some simulations, the predicted stellar
mass functions of galaxies are roughly consistent with
observational data in the range of intermediate stellar
mass, while the low-mass end is over-predicted and the
high-mass end is over- or under-predicted (e.g., Liu et al.
2010). Liu et al. (2010) also checked the mass function
for different type galaxies, and found that the identifica-
tion of substructures (SUBFIND) in theories assigns too
many stars, which causes that the results are not con-
sistent with observations. The over-assigned stars must
come from the regions around galaxies. If these stars are
re-assigned to ICL component, the stellar mass func-
tion may decrease to match with data. Furthermore,
in observation, very faint galaxies might be omitted, or
confused with ICL due to their faint surface brightness.
In addition, if there is a large fraction of ICL compo-
nent which has been omitted from observations of galaxy
groups, the so-called missing baryon problem may be al-
leviated.
We believe, using the SBL method to define galaxies or
ICL component in the more realistic cosmological hydro-
dynamical simulations, e.g., the ILLUSTRIS or EAGLE
simulation, the prediction of ICL fraction and the galaxy
luminosity function should be more capable to match
with observational results. This will be our future work.
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